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BACKGROUND OF THE INVENTION [000I] The present invention relates to a
liquid crystal display device, and more particularly, to a liquid crystal
display device using bend alignment of liquid crystal mo lecules for
effecting display. [0002] In recent years, active matrix liquid crystal dis
play devices have dramatically improved in display perfor mance such as
contrast, brightness and viewing angle characteristic, to a level as high
as that of cathode ray tubes (CRTs). The liquid crystal display mode
currently used widely is a twisted nematic (TN) mode having a re sponse
time in the order of tens of milliseconds. With this level of response
speed, which is low compared with that of CRTs, blurring occurs when a
moving image with vigorous motion such as that in sports is displayed. The
causes of this blurring of a moving image were studied in depth by
Ishiguro, Kurita and others (Shuichi Ishiguro, Taiichiro Kurita, "Study on
moving image quality of hold emission type display with 8X CRT" , ITE
Technical Report, IDY96-93, BCS96-23, BF096-50). 1   [0003] According to
the literature described above, the deterioration of the moving image
quality of a liquid crystal display device is caused by delay of the
response time of a liquid crystal material with respect to the frame rate
and by adopting hold type display as the dis play scheme. The hold type
display can be changed to im pulse type display by letting a backlight
blink or inserting screen erase intervals for the display with liq uid
crystal. As for the delay of the response time, main ly two measures as
follows have been proposed. 



[0004] One is a surface stabilized ferroelectric liquid crystal (SSFLC)
mode using ferroelectric liquid crystal proposed by Clark and Lagerwall in
1980. This mode is however disadvantageous in that the way of gray scale
dis play is complicated and that the alignment stability of smectic liquid
crystal is inferior. Due to these and other disadvantages,
commercialization of this mode, once started by Cannon Inc., is presently
discontinued. [0005] The other is a pi-cell approach using nematic liq uid
crystal invented by J . P . Bos and others in 1983 . In this approach, a
voltage is applied across a splay-aligned liquid crystal layer to transform
the splay alignment to 2   bend alignment, and a change in retardation with
the in tensity of the voltage application in the bend-aligned state is used
for display. In this display mode, only liquid crystal molecules in the
surface portion of the liquid crystal layer move with application of an
external field, and a backflow generated in the process of relaxa tion of
the alignment serves to accelerate the response. Due to these features,
high-speed response of several mil liseconds is reportedly possible. [0006J
In the pi-cell approach described above, splay alignment is energetically
more stable than bend alignment in the non-voltage applied state. For this
reason, some methods for transforming splay alignment to bend alignment
have been proposed. [0007] For example, United States Patent No. 6,069,620,
discloses a method in which an intense voltage is applied at the start of
operation to allow liquid crystal molecu les to overpass the energy barrier
and thus be transformed to bend alignment. Japanese Laid-Open Patent
Publication 



No. 11-7018 discloses a method in which a high pretilt re gion is formed on
a surface of at least one of a pixel electrode and a counter electrode.
Using the high pretilt 3   region as a nucleation site, a liquid crystal
layer is transformed to bend alignment, with expansion of disclina tion,
during voltage application. [0008] Japanese Laid-Open Patent Publication
No. 9-96790 discloses the following. By adding a chiral dopant to a nematic
liquid crystal material so that d/p > 0.25 is sat isfied (where d is the
thickness of a liquid crystal cell and p is a pitch of a spontaneous
helical structure of the liquid crystal material with the chiral dopant
mixed therein), the liquid crystal layer exhibits 180-degree twisted
alignment in the non-voltage applied state. When a voltage is applied to
this twisted liquid crystal layer, the twisted alignment is smoothly
transformed to bend alignment without generation of disclination. [0009]
The three methods described above have been mainly proposed in relation
with the transformation of the liquid crystal layer from splay alignment to
bend alignment. These conventional methods however find difficulty in at
taining sufficiently swift transformation from splay alignment to bend
alignment and also reliable transforma tion over the entire display plane.
[0010] The present inventors examined use of a 180-degree 4   twisted
region as a nucleation site. However, it was found difficult to form a
180-degree twisted region stably and reliably. In fact, part of the region
failed to be 



180-degree twisted, but splay-aligned. [0011] An object of the present
invention is providing a liquid crystal display device capable of attaining
swift and reliable transformation from splay alignment to bend alignment or
from bend alignment to splay alignment. SUMMARY OF THE INVENTION [0012] The
liquid crystal display device of the present invention includes a first
substrate, a second substrate placed to face the first substrate, and a
liquid crystal layer interposed between the first and second substrates,
wherein the liquid crystal layer includes: a splay-aligned region in which
a transformation from splay alignment to bend alignment or from bend
alignment to splay alignment occurs according to a voltage applied; and a
nucleation region serving as a nucleation site for initiating the
transformation to occur in the splay-aligned region) the nucleation region
includes a plurality of first nucleation regions, each of the plurality of
first nucleation regions 5   extending in a first direction, and a
plurality of second nucleation regions, each of the plurality of second nu
cleation regions extending in a second direction different from the ffirst
direction, the splay-aligned region in eludes a plurality of first
splay-aligned regions having a first width in the second direction and a
plurality of second splay-aligned regions having a second width smaller
than the first width in the second direction, and the plu rality of first
splay-aligned regions include two first splay-aligned regions connected to
each other via one of the plurality of second splay-aligned regions. [0013]
The liquid crystal layer may contain a chiral dopant, the nucleation region
may be a twist-aligned re 



gion exhibiting 180-degree twisted alignment during non voltage
application, the plurality of first nucleation re gions may be a plurality
of ffirst twist-aligned regions exhibiting 180-degree twisted alignment
during non-voltage application, and the plurality of second nucleation re
gions may be a plurality of second twist-aligned regions exhibiting
180-degree twisted alignment during non-voltage application. [0014]
Preferably, d1/p of the twist-aligned region is 6   greater than d2/p of
the splay-aligned region where p is a pitch of the liquid crystal material
with a chiral dopant, d1 is a thickness of the twist-aligned region of the
liq uid crystal layer, and d2 is a thickness of the splay aligned region of
the liquid crystal layer. [0015] Preferably, d1 is greater than d2. [0016]
Preferably, the first substrate includes a plural ity of gate lines
extending in the first direction, a plu rality of source lines extending in
the second direction crossing the first direction, a plurality of switching
elements placed in the vicinity of the crossings of the plurality of gate
lines and the plurality of source lines, and a plurality of pixel
electrodes electrically connected with the plurality of gate lines and the
plurality of source lines via the plurality of switching elements, at least
one of the plurality of first twist-aligned regions is formed above at
least one of the plurality of gate lines, at least one of the plurality of
second twist aligned regions is formed above at least one of the plu rality
of source lines, and at least one of the plurality of first splay-aligned
regions is formed above at least one of the plurality of pixel electrodes. 



7   [0017] Preferably, the first substrate further includes a plurality of
common lines each formed between the adjacent ones of the plurality of gate
.lines, and at least one of the plurality of first twist-aligned regions is
formed above at least one of the plurality of common lines. [0018]
Preferably, at least one of the plurality of second twist-aligned regions
is formed continuously from at least one of the plurality of first
twist-aligned regions. [0019J The spacing between two second twist-aligned
re gions adjacent in the first direction among the plurality of second
twist-aligned regions is preferably 1 mm or less. [0020] A least one of the
first substrate and the second substrate may have a plurality of steps each
having an up per face, a lower face, and a side face connecting the up per
face and the lower face, and the splay-aligned region may be formed above
the upper faces of the plurality of steps, and the twist-aligned region is
formed above the lower faces of the plurality of steps. [0021] Preferably,
the plurality of steps include a first step and a second step, the side
face of the first step has an angle exceeding 90 with respect to the lower
face, and the side face of the second step has an angle less 8   than 90
with respect to the lower face. [0022] The side face of the first step
preferably extends in the first direction. [0023] The side face of the
second step preferably extends in the second direction. [0024] The pretilt
direction of liquid crystal molecules 



of the liquid crystal layer may be parallel to the first direction. [0025]
Alternatively, the liquid crystal display device of the present invention
includes a first substrate, a second substrate placed to face the first
substrate, and a liquid crystal layer interposed between the first and
second sub strates, the liquid crystal layer containing a chiral dopant,
wherein the liquid crystal layer includes: a twist-aligned region
exhibiting 180-degree twisted align ment during non-voltage application;
and a splay-aligned region exhibiting splay alignment during non-voltage ap
plication and bend alignment during voltage application, to be used for
display, at least one of the first sub strate and the second substrate has
a plurality of steps each having an upper face, a lower face, and a side
face connecting the upper f ace and the lower f ace on the sur 9   face
facing the liquid crystal layer, the splay-aligned region is formed above
the upper faces of the plurality of steps, and the twist-aligned region is
formed above the lower faces of the plurality of steps, and the plurality
of steps include a first step and a second step, the side face of the first
step has an angle exceeding 90 with re spect to the lower f ace , and the
side f ace of the second step has an angle less than 90 with respect to the
lower f ace . [0026] According to another aspect of the invention, a method
for forming inverted steps and normal steps simul taneously is provided.
Each of the steps has an upper face, a lower face, and a side face
connecting the upper face and the lower face. The face of the inverted step
has an angle less than 90 with respect to the lower face, 



and the side face of the normal step has an angle exceed ing 90 with
respect to the lower face. The method in cludes the steps of : preparing a
substrate having a high reflectance region on the principal plane, the high
reflectance region being higher in reflectance than the surrounding
regions; forming a photosensitive resin layer on the principal plane; and
exposing the photosensitive resin layer to light via a mask having a
light-shading 10   portion and a light-transmitting portion in a predeter
mined pattern, to form the inverted steps or the normal steps using
reflected light from the high-reflectance re gion. [0027] The
high-reflectance region is preferably a gate line, a source line or a
common line formed on the princi pal plane of the substrate. [0028] The
photosensitive resin layer may be a negative type photosensitive resin
layer, the mask may be posi tinned so that the light-shading portion is
placed above the high-reflectance region with edges of the light shading
portion being inside the high-reflectance region, and the inverted steps
may be formed using the reflected light. [0029] The photosensitive resin
layer may be a positive type photosensitive resin layer, the mask may be
posi tinned so that the light-transmitting portion is placed above the
high-reflectance region with edges of the light transmitting portion being
inside the high-reflectance re gion, and the normal steps may be formed
using the re fleeted light. 11  



BRIEF DESCRIPTION OF THE DRAWINGS [0030] FIG. 1 is a diagrammatic view
demonstrating the display principle of the liquid cryst al display device
of the present invention. [0031] FIG. 2A is a partial plan view of a liquid
crystal display device in one aspect of the present invention, and FIG. 2B
is a cross-sectional view taken along line 2b-2b' of FIG. 2A. [0032] FIGS.
3A and 3B are diagrammatic views demonstrat ing transformation of the
alignment of a liquid crystal layer. [0033] FIGS. 4A and 4B are
diagrammatic views demonstrat ing splay-bend alignment according to the
present inven tion. [0034] FIG. 5 is a diagrammatic view demonstrating
splay bend alignment of a comparative example. [0035] FIG. 6 is a partial
cross-sectional view of a liq uid crystal display device in another aspect
of the pre sent invention. [0036] FIG. 7 is a cross-sectional view of a
step portion of the liquid crystal display device of FIG. 6. 12   j0037]
FIG. 8 is a cross-sectional view of another step portion of the liquid
crystal display device of FIG. 6. [0038] FIGS. 9A to 9C are partial
cross-sectional views of a liquid crystal display device having normal
steps and inverted steps, diagrammatically showing the aligned state of a
liquid crystal layer. [0039] FIG. 10 is a plan view of a liquid crystal
display device of an example of the present invention. [0040] FIG. 11 is a
cross-sectional view taken along line 



11A-11A' of FIG. 10. [0041] FIG. 12 is an enlarged plan view of three pixel
re gions of the liquid crystal display device of the example. [0042] FIGS .
13A to 13D are diagrammatic views demonstrat ing the aligned state of a
liquid crystal layer. [0043] FIG. 14 is a plan view of a liquid crystal
display device of an alteration to the example. [0044] FIG. 15 is a plan
view of a liquid crystal display device of another alteration to the
example. [0045] FIG. 16 is a plan view of a liquid crystal display device
of yet another alteration to the example. [0046] FTG. 17 is a plan view of
a liquid crystal display 13   device of yet another alteration to the
example. [0047] FIG . 18 is a plan view of a liquid crystal display device
of yet another alteration to the example. [0048] FIG. 19 is a plan view of
a liquid crystal display device of yet another alteration to the example.
[0049] FIG . 20 is a plan view of a liquid crystal display device of yet
another alteration to the example. [0050] FIGS . 21A to 21D are views
demonstrating a step formation method using a negative type photosensitive
resin layer, in which FIGS. 21A and 21B illustrate forma tion of inverted
steps and FIGS. 21C and 21D illustrate formation of normal steps. [0051]
FIGS. 22A to 22D are views demonstrating a step formation method using a
positive type photosensitive resin layer, in which FIGS. 22A and 22B
illustrate forma tion of normal steps and FIGS. 22C and 22D illustrate for
mation of inverted steps. DETAILED DESCRIPTION OF THE INVENTION [0052] The
liquid crystal display device of the present 



invention is an optically compensated bend (OCB) mode liq 14   uid crystal
display device, which uses bend alignment of liquid crystal molecules for
effecting display and, pref erably, can provide both the high-speed
response charac teristic and the wide viewing angle characteristic. First,
the display principle of the liquid crystal display device of the present
invention will be described with reference to FIG. 1. [0053] A liquid
crystal layer 8, interposed between first and second substrates 4 and 6
facing each other, includes a nematic liquid crystal material (Np material)
having positive dielectric anisotropy and a chiral dopant. The directions
R1 and R2 of alignment regulation on the sur faces of the substrates 4 and
6 facing the liquid crystal layer 8 are parallel to each other. With the
alignment regulating force on the substrate surfaces, which is typi cally
provided by alignment films (not shown), the aligned direction (pretilt
direction) of liquid crystal molecules 12 is regulated. The angle B of the
liquid crystal mo lecules with respect to the substrate surfaces is called
a pretilt angle. The liquid crystal layer 8 subjected to the alignment
regulation described above exhibits splay alignment (see (a) in FIG. Z)
when the pretilt angle is 45 or less. The liquid crystal display device of
the 15   present invention uses bend alignment (see (d) in FIG. 1) of the
liquid crystal layer for effecting display. There fore, to attain the bend
alignment, the splay alignment is transformed to the bend alignment.
Hereinafter, this 



transformation will be described. [0054] When a voltage is applied to the
liquid crystal layer exhibiting splay alignment, the alignment of liquid
crystal molecules changes. More specifically, after ap placation of a
voltage, the alignment changes to two types of deformed splay alignment.
One type is formed by clock wise rotation of liquid crystal molecules 12b
existing in a half part of the liquid crystal layer 8 closer to the first
substrate 4 from the center ( this type of alignment is called Hup shortly;
see (b) in FIG. 1). The other type is formed by counterclockwise rotation
of liquid crystal molecules 12a existing in a half part of the liquid crys
tal layer 8 closer to the second substrate 6 from the cen ter (this type of
alignment is called Hdown shortly; see (c) in FIG. 1). [0055] Thereafter,
with further influence of the electric field, in the region of Hup
alignment (b) of the liquid crystal layer 8, liquid crystal molecules
existing in the 16   half part closer to the second substrate 6 are rotated
counterclockwise, so that the region is transformed to the bend alignment
(d). Likewise, in the region of Hdown alignment (c) of the liquid crystal
layer 8, liquid crys tal molecules existing in the half part closer to the
fir st substrate 4 are rotated clockwise, so that the region is transformed
to the bend alignment (d). In the process of the transformation from the
Hup or Hdown alignment to the bend alignment, a 1/2 strength disclination
is gener ated between the Hup or Hdown alignment and the bend alignment. As
this disclination shifts, the bend-aligned region expands. [0056] When the
voltage is removed after the transforma 



tion to the bend alignment, the liquid crystal molecules do not directly
return to the splay alignment, but exhibit 180-degree twisted alignment as
shown by (e) in FIG. 1. This transformation from the bend alignment to
180-degree twisted alignment continuously occurs without generating
disclination. On the contrary, transformation from the 180-degree twisted
alignment to the splay alignment pro ceeds gradually with generation of
disclination. [0057] Referring to FIG. 1, considering the movement of 17
the liquid crystal molecules during the transformation from the Hup
alignment (b) or Hdown alignment (c) to the bend alignment (d), it is
understood geometrically that molecules near the interfaces having
accumulated distor tion are transformed to the bend alignment by rotation.
The 180-degree twisted alignment (e) is also transformed to bend alignment
as (d) with application of an electric field. However, this transformation
from the 180-degree twisted alignment to the bend alignment is different
from the splay-bend alignment transformation shown by (a) to (c) in the
point that the former is accompanied by twist ing. [0058] For the
transformation from the Hup alignment (b) or Hdown alignment (c) to the
bend alignment, the liquid crystal molecules must rotate around an axis
vertical to the plane of the figure, and a large energy is required for
this rotation. On the contrary, the transformation from the 180-degree
twisted alignment (e) to the bend alignment occurs when the liquid crystal
molecules gradu ally rise vertical to the substrates 4 and 6 while twist
ing around an axis vertical to the substrates 4 and 6. Thus, the
transformation from the 180-degree twisted 



alignment to the bend alignment is smooth. 18   [00S9] In general, when a
splay-aligned region is in con tact with a bend-aligned region, the splay
alignment is transformed to bend alignment in a manner that the contact
portion expands with application of a voltage. Therefore, the existence of
the bend-aligned region itself is consid eyed a f actor for smooth
occurrence of the transformation. For the reasons described above, it is
presumed that the transformation occurs smoothly by using 180-degree
twisted alignment as a nucleation site for transformation. [0060] The
present inventors fabricated a liquid crystal cell including a liquid
crystal layer having an uneven thickness. An Np liquid crystal material
with a chiral dopant mixed therein was injected in the liquid crystal cell,
to examine the aligned state. As a result, it was observed that the thick
portion of the liquid crystal layer exhibited 180-degree twisted alignment
while the thin portion thereof exhibited splay alignment. It was also
observed that a 1/2 strength disclination was gener ated between the
splay-aligned region and the 180-degree twist-aligned region. [0061] When a
voltage is gradually applied to the liquid crystal cell described above,
first, the thick 180-degree 19   twist-aligned region of the liquid crystal
layer is trans formed to bend alignment. Subsequently, the thin splay
aligned region of the liquid crystal layer is transformed to Hup or Hdown
splay alignment. [0062] Thereafter, the disclination between the 180-degree



twist-aligned region and the Hup or Hdown splay-aligned region starts to
shift to the side of the splay-aligned region, transforming the Hup or
Hdown splay-aligned region to bend alignment. In this way, the bend-aligned
region expands into the splay-aligned region. [0063] As described above,
the 180-degree twist-aligned region serves as a nucleation site for
transformation of the splay-aligned region to bend alignment, so that the
splay-bend alignment in the liquid crystal layer is smoothly attained.
Thus, the liquid crystal display de vice of the present invention uses the
180-degree twist aligned region as a nucleation site for start of the
transformation to bend alignment, and uses the bend align ment for
effecting display. [0064] Next, the configuration of the liquid crystal dis
play device of the present invention will be described. [0065] First , a
liquid crystal display device 2 in the 20   first aspect of the present
invention will be described with reference to FIGS. 2A and 2B. FIG. 2A is a
partial plan view of the liquid crystal display device 2, and FIG. 2B is a
cross-sectional view taken along line 2b-2b' of FIG. 2A. In FIG. 2A,
illustration of a second substrate 6 is omitted for simplification. [0066]
As shown in FIG. 2B, the liquid crystal display de vice 2 includes a first
substrate 4, the second substrate 6 placed to face the first substrate 4,
and a chiral dopant contained liquid crystal layer 8 interposed between the
first and second substrates 4 and 6. The liquid crys tal layer 8 has a
plurality of regions different in thick ness, such as a region having a
thickness of d1 (region T) and a region having a thickness of d2 (< dl)
(region S), 



for example. [0067] The amount of the chiral dopant mixed in a liquid
crystal material is set so that the pitch p of the sponta neous helical
structure of the Np material with a chiral dopant and the thickness d2 of
the liquid crystal layer in the region S satisfy the relationship d2/p <
0.25 and that the pitch p of the Np material and the thickness dl of the
liquid crystal layer in the region T satisfy the relation 21   ship 0.25 s
dl/p s 0.75. By this setting, the region T exhibits 180-degree twisted
alignment, while the region S exhibits splay alignment, during non-voltage
application. When a voltage is applied, the region S exhibits bend
alignment, which is used for display in the liquid crystal display device
2. The d2/p of the region S is preferably 0.125 or less, more preferably
0.1 or less. With use of a material small in d2/p for the region S,
reduction in the brightness of the display area is prevented. [0068] As
shown in FIG. 2A, the region T (hereinafter, called the twist-aligned
region T) having the thickness d1 includes a plurality of first
twist-aligned regions T1 ex tending in a first direction and a plurality of
second twist-aligned regions T2 extending in a second direction. The region
S (hereinafter, called the splay-aligned region S) having the thickness d2
includes a plurality of first splay-aligned regions S1 and a plurality of
second splay aligned regions S2. The first splay-aligned regions S1 have a
first width W1 in the second direction, and the second splay-aligned
regions S2 have a second width W2 smaller than the first width W1 in the
second direction. The plurality of ffirst splay-aligned regions S1 include
at least two first splay-aligned regions S1 connected to each 



22   other via the second splay-aligned region S2. [0069] In the liquid
crystal display device 2 in the first aspect of the present invention, the
twist-aligned region T and the splay-aligned region S of the liquid crystal
layer 8 are formed by adjusting the thickness of the liq uid crystal layer
8. The twist-aligned region T is first transformed to bend alignment during
voltage application. With the transformed region T serving as a nucleation
site, the splay-aligned region S is transformed to bend align ment. The
existence of the nucleation site facilitates the transformation of the
splay-aligned region S from the splay alignment to bend alignment. Herein,
the twist aligned region T is also called the nucleation site. [0070] In
the liquid crystal display device 2 described above, the twist-aligned
region T as the nucleation site includes the second twist-aligned regions
T2 extending in the second direction, in addition to the first twist
aligned regions T1 extending in the first direction. This enables further
swift and reliable transformation of the splay-aligned region S from the
splay alignment to bend alignment. The reason will be described as follows
with reference to FIGS. 3A and 3B. 23   [0071] FIGS . 3A and 3B are
diagrammatic views demonstrat ing transformation of the alignment of the
liquid crystal layer. The liquid crystal layer shown in FIG. 3A includes
the splay-aligned region S, the first twist-aligned region T1 and the
second twist-aligned region T2. For comparison, FIG. 3B shows a liquid
crystal layer including only the 



splay-aligned region S and the first twist-aligned region T1. [0072] In the
case of FIG. 3A, in which the liquid crystal layer includes the first and
second twist-aligned regions T1 and T2, a region subjected to splay-bend
alignment transformation expands in the first and second directions using
the first and second twist-aligned regions T1 and T2 as the nucleation
sites . On the contrary, in the case of FIG. 3B, in which the liquid
crystal layer includes only the first twist-aligned region T1, a region
subjected to splay-bend alignment transformation only expands in the first
direction. In this way, the region subjected to splay-bend alignment
transformation can expand into the splay-aligned region S more swiftly and
more reliably when the liquid crystal layer includes the second
twist-aligned region T2 in addition to the first twist-aligned region T1.
24   [0073) In the liquid crystal display device 2 shown in FIG. 2A, the
two adjacent ffirst splay-aligned regions S1 are connected to each other
via the second splay-aligned re gion S2. In other words, the first
splay-aligned regions S are not isolated from each other with the second
twist aligned regions T2, but a space is formed between the two adjacent
second twist-aligned regions T2 in the second di rection. This ensures
occurrence of the splay-bend align ment transformation in the splay-aligned
region S. The reason will be described as follows with reference to FIGS.
4A, 4B and 5. [0074) The liquid crystal layer shown in FIG. 4A includes a
plurality of first splay-aligned regions S1 and a plu rality of second
splay-aligned regions S2. The adjacent first splay-aligned regions S1 are
continuous to each 



other via the corresponding second splay-aligned region S2. In other words,
the second splay-aligned region S2 con nects the adjacent first
splay-aligned regions S1 to each other. On the contrary, a liquid crystal
layer in FIG. 5 as a comparative example includes no second splay-aligned
regions S2, but includes the ffirst splay-aligned regions S1 independent of
each other. In other words, the second twist-aligned regions T2 separate
the first splay-aligned 25   regions S1 from each other. [0075] Samples of
liquid crystal layers having the struc tures diagrammatically shown in
FIGS. 4A and 5 were pro duced, and a voltage was applied across the liquid
crystal layer, to observe splay-bend alignment transformation. [0076] In
the liquid crystal layer shown in FIG. 4A, the following was observed. As
shown in FIG. 4B, even if some first splay-aligned region S1 failed in
splay-bend align ment transformation for some reason, a region exhibiting
bend alignment gradually expanded from another first splay-aligned region
S1 already subjected to the splay bend alignment transformation. After a
lapse of a certain time, the entire liquid crystal layer was transformed to
bend alignment. [0077] On the contrary, in the liquid crystal layer shown
in FIG. 5, if some first splay-aligned region S1 failed in splay-bend
alignment transformation, the failed first splay-aligned region S1 was not
finally transformed to bend alignment. As a result, in this liquid crystal
layer, it was not possible to transform the entire display area to bend
alignment. [007$J As described above, it was found that the splay 26 



bend alignment transformation occurred in the splay aligned region S more
reliably by connecting the two adja cent first splay-aligned regions S1 via
the second splay aligned region S2. [0079] The pretilt direction of the
liquid crystal molecu les in the liquid crystal display device 2 (R1 and R2
in FIG. 1) is preferably parallel to the first direction when the first
direction is the horizontal direction (as is viewed from the observer
viewing the display plane). In a TFT type liquid crystal display device,
the horizontal di rection is typically the direction in which gate lines ex
tend. By setting the pretilt in this way, the twisted alignment can be
maintained more stably, and thus the splay-bend alignment transformation
occurs more reliably. The pretilt direction of the liquid crystal molecules
can be controlled with the rubbing of alignment films formed on the
surfaces of the substrates facing the liquid crys tal layer, for example.
[0080) Next, a liquid crystal display device 3 in the sec and aspect of the
present invention will be described with reference to FIGS. 6, 7 and 8.
FIG. 6 is a partial cross sectional view of the liquid crystal display
device 3, and 27   FIGS. 7 and 8 are cross-sectional views of step portions
of the liquid crystal display device 3. [0081] The liquid crystal display
device 3 includes a plu rality of steps 20 on the surface of at least one
of first and second substrates 4 and 6 facing a liquid crystal layer. Each
of the steps 20 includes an upper face 15, a lower face 14 and a side face
21F or 21S connecting the 



upper and lower f aces. The step 20 is formed so that the thickness of the
region of the liquid crystal layer locat ed above the lower face 14 is d1
and the thickness of the region of the liquid crystal layer located above
the upper face 15 is d2. That is, the splay-aligned region S is formed
above the upper faces 15 of the steps 20, while the twist-aligned region T
is formed above the lower faces 14 of the steps 20. [0082] The steps 20
include first steps 20F shown in FIG. 7 and second steps 20S shown in FIG.
8, which are differ ent in shape from each other. That is, the angle aof
the first step shown in FIG. 7, defined by the lower face 14 and the side
face 21F, is an obtuse angle exceeding 90  . The step of this shape is
called a normal step. The angle a of the second step shown in FIG. 8,
deffined by the lower 28   face 14 and the side face 21S, is an acute angle
less than 90 . The step of this shape is called an inverted step. [0083] As
shown in FIG . 7 or 8 , during non-voltage appli cation, the regions above
the lower face 14 and the upper face 15 of the step 20 are the
twist-aligned region T and the splay-aligned region S, respectively. A
boundary 9 exists between the splay-aligned region S and the twist aligned
region T. In the normal step 20F shown in FIG. 7, the boundary 9 is roughly
at the middle of the height of the side face 21F, for example. In the
inverted step 20S shown in FIG. 8, the boundary 9 is at the top edge of the
side face 21S, for example. Note that the position of the boundary 9 varies
with various conditions such as the tem perature, the height of the step,
and the thickness of the liquid crystal layer. With application of a
voltage, the twist-aligned region T of the liquid crystal layer is 



transformed to bend alignment and turned to the bend aligned region. With
this transformation, the boundary 9 becomes a disclination line.
Hereinafter, therefore, the boundary 9 is also called the disclination line
9. [0084J In the case of the normal step 20F shown in FIG. 7, when a
voltage is applied to the liquid crystal layer, the 29   disclination line
9 shifts in the direction shown by the arrow in FIG. 7, climbing up along
the side face 21F of the normal step 20F. That is, the twist-aligned region
T is swiftly transformed to bend alignment, and the region exhibiting bend
alignment expands into the splay-aligned region S. [0085] On the contrary,
in the case of the inverted step 20S shown in FIG. 8, when a voltage is
applied to the liq uid crystal layer, the disclination line 9 stays at the
edge of the inverted step 20S, keeping the aligned state of the
twist-aligned region T and the splay-aligned region S on both sides of the
disclination line 9 unchanged. That is, the splay-aligned region S
maintains the splay alignment irrespective of the transformation of the
twist aligned region T to bend alignment. [0086] FIGS. 9A to 9C are partial
plan views of a liquid crystal display device in which a step 20 having
both nor mal side faces 21F and inverted side faces 21S is formed on one
substrate, and diagrammatically shows the aligned state of a liquid crystal
layer. As shown in FIG. 9A, when no voltage is applied to the liquid
crystal layer, the region of the liquid crystal layer having a smaller 30



thickness ( region above the upper f ace of the step 20 ) is the
splay-aligned region S, and the region of the liquid crystal layer having a
larger thickness (region above the lower face of the step 20) is the
twist-aligned region T. The twist-aligned region T and the splay-aligned
region S face each other with a disclination line 9 therebetween, and the
aligned states of these regions are kept in equi librium. In FIG. 9A, for
simplification, the side faces 21F and 21S of the step 20 are represented
by a mere line although they actually have an area, and the disclination
line 9 is assumed matching with this line. [0087] When a voltage is applied
to the liquid crystal display device described above, first, the
twist-aligned region T is swiftly transformed from the twisted alignment to
bend alignment, and the region exhibiting bend align ment expands into the
splay-aligned region S, as shown in FIG. 9B. The disclination lines 9 shift
comparatively ea sily near the normal side faces 21F, allowing swift expan
sion of the region exhibiting bend alignment. On the contrary, near the
inverted side faces 21S, the disclina tion lines 9 shift less easily,
keeping the bend-aligned region and the splay-aligned region unchanged on
both sides of the disclination lines 9 as the boundaries. As 31   the time
passes from the voltage application, the bend aligned region expands into
the splay-aligned region ex cept for an area near the inverted side faces
21S as shown in FIG. 9C. [0088] As described above, by controlling the
shape of the step, it is possible to control the easiness of the expan sion
of the bend-aligned region, transformed from the twist-aligned region T
located above the lower face 14 as 



the nucleation site, into the splay-aligned region S lo Gated above the
upper face 15 beyond the step 20. In oth er words, it is possible to
control whether to swiftly cause splay-bend alignment transformation in the
splay aligned region S, or to maintain the splay-aligned region. [0089] In
the liquid crystal display devices 2 and 3 in the first and second aspects
of the present invention de scribed above, the 180-degree twist-aligned
region T was used as the nucleation site for the splay-bend alignment
transformation of the splay-aligned region S. The liquid crystal display
device of the present invention is not limited to this. For example, as
disclosed in Japanese Patent Gazette No. 3183633, a region of a high
pretilt an gle may be formed partly in the liquid crystal layer to 32   use
this region as the nucleation site for the splay-bend alignment
transformation. [0090] In the liquid crystal display devices 2 and 3 in the
first and second aspects of the present invention de scribed above, the
thickness of the liquid crystal layer 8 was varied partly so that the
regions of the liquid crys tal layer 8 having a larger thickness serve as
the twist aligned region T. The liquid crystal display device of the
present invention is not limited to this. Instead, the pitch p of the
liquid crystal layer 8 may be varied with positions. For example, as
disclosed in EP 1124Z53 A2, the pitch p can be made smaller in a
predetermined re gion by mixing a chiral prepolymer in a liquid crystal
layer and polymerizing the chiral prepolymer existing in the predetermined
region by a selective irradiation proc ess, to thereby form the
twist-aligned region T. [0091] Hereinafter, the present invention will be
de 



scribed in detail by way of example. The liquid crystal display device
described in detail in the following exam ple uses a nematic liquid crystal
material having positive dielectric anisotropy as the liquid crystal layer.
It should be noted that the present invention is not limited 33   to this,
but is also applicable to a surface-mode (SBD mode) nematic liquid crystal
display device using a nemat is liquid crystal material having negative
dielectric an isotropy as the liquid crystal layer, as disclosed in U. S.
Patent No. 4566758. However, in consideration of the re sponse speed, the
practicability and the material technol ogy, use of a liquid crystal
material having positive dielectric anisotropy is preferred. (Example)
[0092] FIGS. 10, 11 and 12 are views illustrating a liquid crystal display
device 100 of an example of the present invention. FIG. 10 is a plan view
of the liquid crystal display device 100, FIG. 11 is a cross-sectional view
of the liquid crystal display device 100 taken along line 11A-11A' of FIG.
10, and FIG. 12 is an enlarged plan view of three pixels of the liquid
crystal display device 100. In FIG. 10, a second substrate 6 of the liquid
crystal display device 100 is omitted, and in FIG. 12, the second substrate
6 and a liquid crystal layer 8 of the liquid crystal display device l00 are
omitted, for simplification. [0093] As shown in FIG. 11, the liquid crystal
display de 34   vice 100 includes a first substrate 4, the second sub
strate 6 and the liquid crystal layer 8 interposed between 



the substrates 4 and 6. The liquid crystal layer 8 is made of an Np liquid
crystal material with a chiral dopant mixed therein. [0094] As shown in
FIGS . 10 and 12 , on the surf ace of the first substrate 4 facing the
liquid crystal layer, a plu rality of gate lines 22 are formed to extend in
the row direction and a plurality of source lines 26 are formed to extend
in the column direction, forming a matrix shape as a whole. Switching
elements (for example, thin film tran sistors (TFTs)) 25 are formed at the
respective crossings of the gate lines 22 and the source lines 26. The
switch ing elements 25 are connected to corresponding pixel elec trodes 16
made of a transparent conductive material. A plurality of common lines 24
for formation of storage ca pacitances are also formed on the first
substrate 4. The common lines 24 extend in parallel with the gate lines 22
in a position between the adjacent gate lines 22. [0095] As shown in FIG.
11, a counter electrode 18 is formed over the entire surface of the second
substrate 6 facing the liquid crystal layer. The liquid crystal layer 35
8 is driven with a voltage applied between the pixel elec trodes 16 and the
counter electrode 18. On the second substrate 6, a light-shading layer
(black matrix) 40 is formed to cover the portions corresponding to the
switch ing elements 25, the gate lines 22 and the source lines 26. The
light-shading layer 40 is shown in FIGS. 10 and 12 for simplification of
description although it is actually placed on the second substrate 6.
[0096] In the liquid crystal display device 100, a plural ity of steps 20
are formed on the surface of the first substrate 4 facing the liquid
crystal layer as shown in 



FIG. 11. The steps 20 are constructed of a resin layer 120 having a
thickness in the order of 1 to 10 microns and grooves formed on the resin
layer 120, for example. Due to the existence of the resin layer 120, liquid
crystal regions having a thickness of d2 are formed right above the
portions of the resin layer 120 (upper faces of the steps 20), which are to
be the splay-aligned region S. Also, liquid crystal regions having a
thickness of dl (> d2) are formed above the bottoms of the grooves of the
resin layer 120 (lower faces of the steps 20), which are to be the
twist-aligned region T. The resin layer 120 may not be completely removed
at the grooves, but recesses may 36   be formed on the resin layer 120 and
the bottoms of the recesses may be used as the lower faces of the steps 20.
[0097] When a voltage is applied across the liquid crystal layer 8, the
twist-aligned region T is transformed to bend alignment from the twisted
alignment. Subsequently, with the twist-aligned region T transformed to
bend alignment serving as the nucleation site, the region exhibiting bend
alignment swiftly expands into the splay-aligned region S. Tn this way, the
splay-aligned region S is transformed to bend alignment. The twist-aligned
region T as the nuclea tion site for the splay-aligned region S should
preferably be placed to be outside the display area. The reason is that the
optical response to voltage application is dif ferent between the bend
alignment of the splay-aligned re gion S and the bend alignment of the
twist-aligned region T. By placing the twist-aligned region in the light
shading portion, therefore, the uniformity of display im proves. [0098]
Referring to FIG. 10, in the liquid crystal display 



device 100, the twist-aligned region T includes a plural ity of first
twist-aligned regions 42 and 44 extending in the row direction and a
plurality of second twist-aligned 37   regions 54, 56, 58 and 60 extending
in the column direc tion. The first twist-aligned regions 42 are formed
along above the gate lines 22, and the first twist-aligned re gions 44 are
formed along above the common lines 24. In FIG. 10, the reference numeral
"42 (22)", for example, in dicates that the gate line 22 underlies the
first twist aligned region 42. [0099] The second twist-aligned regions
extend continu ously from each of the first twist-aligned regions 42 and 44
upward and downward in the column direction. More spe cifically, the second
twist-aligned regions 54 and 56 ex tend upward and downward, respectively,
continuously from each of the first twist-aligned regions 42. The second
twist-aligned regions 54 and 56 are formed along above the source lines 26
for each pixel, with the spacing (pitch P2) equal to the pixel pitch in the
row direction. Each of the second twist-aligned regions 54 extending upward
continuously from the first twist-aligned region 42 in eludes a portion 50
located above the source line 26 and a portion 52 located above the
switching element. With this expanded portion 52 of the twist-aligned
region 54 above the switching element, which is covered by the light
shading layer, a wider twist-aligned region is secured 38   without
decreasing the display area. Also, the second twist-aligned regions 58 and
60 extend upward and downward, 



respectively, continuously from each of the first twist aligned regions 44
located above the common lines 24, at the same pitch P2. With the formation
of the first and second twist-aligned regions as described above, each half
pixel is roughly surrounded with the twist-aligned region. [0100] The
splay-aligned region S occupies the entire liquid crystal region other than
the first and second twist-aligned regions described above. As shown in
FIG. 10, the splay-aligned region S includes first splay aligned regions 36
having a first width W1 in the column direction and second splay-aligned
regions 37 having a second width W2 (< W1) in the column direction. Any two
first splay-aligned regions 36 adjacent in the column di rection with the
first twist-aligned region 44 therebe tween constitute one pixel. Any two
first splay-aligned regions 36 adjacent in the row direction are connected
to each other via the second splay-aligned region 37. [0101] The rubbing
direction of alignment films (not shown) of the liquid crystal display
device 100 is prefer ably in parallel with the direction in which the gate
39   lines 22 extend (row direction) when this direction is the horizontal
direction (as is viewed from the observer view ing the display plane). By
this arrangement, since the pretilt of the liquid crystal molecules is in
parallel with the row direction , the twisted alignment can be kept more
stable and thus the splay-bend alignment transforma tion occurs more
reliably. [0102] As in the illustrated example, it is preferable to place
the first splay-aligned regions 36 in the display area, and place the
second splay-aligned regions 37 out side the display area together with the
twist-aligned re 



gion T. By forming the second splay-aligned regions 37 across the
twist-aligned region T, to connect the adjacent first splay-aligned regions
36 to each other, the first splay-aligned regions 36 can be transformed to
bend align ment more reliably. If the width W2 of the second splay aligned
regions 37 is excessively large, the effect of providing the second
twist-aligned regions will not be ob tained. If the width W2 is excessively
small, the effect of providing the second splay-aligned regions 37, that
is, the effect of connecting the ffirst splay-aligned regions 36 will not
be obtained. In view of these, the width W2 of the second splay-aligned
regions 37 and the width W1 of 40   the first splay-aligned regions 36
preferably satisfy the relationship 0.2W1 s W2 s 0.8W1. [0103] The adjacent
first splay-aligned regions 36 are connected to each other via the second
splay-aligned re gion 37. Therefore, as discussed above with reference to
FIGS. 4A, 4B and 5, even if some first splay-aligned re gion 36 fails in
splay-bend alignment transformation for some reason, the transformed region
gradually expands into the failed first splay-aligned region 36 from
another first splay-aligned region 36 already transformed to bend alignment
via the second splay-aligned region 37. In ad dition, in the liquid crystal
display device 100 shown in FIG. 10, the second splay-aligned regions 37
are formed at positions lined in the row direction, indicating that the
spacing between the adjacent second splay-aligned regions 37 in the row
direction is small. Therefore, the bend aligned region can efficiently
expand into the first splay-aligned regions 36 via the second splay-aligned
re gions 37. 



[0104] The second twist-aligned regions 54, 56, 58 and 60 are formed to be
continuous with the first twist aligned regions 42 and 44. Therefore, the
first twist 4Z   aligned regions 42 and 44 and the second twist-aligned re
gions 54, 56, 58 and 60 can serve as more reliable nuclea tion sites,
compared with the case that the first and second twist-aligned regions are
separated from each other. The reason will be described as follows with
reference to FIGS. 13A to 13D. [0105] The resin layer 120 constituting the
steps on the substrate 4 is formed of an inorganic or organic film having a
thickness in the order of 1 to 10 microns. The energy difference between
the 180-degree twisted alignment and the splay alignment is not so large.
Therefore, if the thickness of the resin layer varies, or the cell gap
varies, the 180-degree twist-aligned region T may not be obtained as
originally designed depending on the position in the liquid crystal layer.
[0106] For example, suppose a stripe region having a thickness of dl is
formed in a liquid crystal layer having a thickness of d2 (d1 > d2), to
obtain the splay-aligned region S and the twist-aligned region T,
respectively. If the aspect ratio of the twist-aligned region T is high,
both ends of the twist-aligned region T may return (be transformed) from
the twisted alignment to the splay 42   alignment as shown in FIG. 13A even
in an energy state in which the twisted alignment and the splay alignment
can coexist. The twist-aligned region T shown in FIG. 13A is 



about 20 ~ m in width and about 1600 ~ m in length. [0107] Once the region
exhibiting the splay alignment is formed in the twist-aligned region T, the
area of the region exhibiting the twisted alignment gradually de creases in
the twist-aligned region T as shown in FIG. 13B, and finally, the entire
twist-aligned region T exhibits the splay alignment. That is, formation of
the twist aligned region T as the nucleation site for transformation fails.
The above condition that "the aspect ratio of the twist-aligned region T is
high" is specifically that the aspect ratio of the twist-aligned region T
exceeds 80:1. It has been confirmed from observation results that when the
aspect ratio exceeds 80:1, coexistence of the twisted alignment and the
splay alignment is difficult. It has also been confirmed from observation
results that coexis tence of the twisted alignment and the splay alignment
is difficult when the width of the twist-aligned region T is about 10 ~ m
or less, irrespective of the aspect ratio. [0108] To solve the problem
described above, the pre 43   sent inventors formed a twist-aligned region
T as shown in FIG. 13C, which is essentially composed of a stripe-shaped
first twist-aligned region T1 extending in a first direc tion and second
twist-aligned regions T2 extending con tinuously from the first
twist-aligned region T1 in a second direction crossing the first direction
(preferably, at right angles). As a result, it was observed that the
transformation from the twisted alignment to the splay alignment, starting
at both ends of the first twist aligned region T1 as shown in FIG. 13C, if
any, stopped at the crossings of the first twist-aligned region T1 and the
second twist-aligned regions T2 as shown in FIG. 13D. 



[0109] Accordingly, in the liquid crystal display de vice 100, in which the
second twist-aligned regions 54, 56, 58 and 60 extend continuously from the
first twist-aligned regions 42 and 44 and also cross the first
twist-aligned regions 42 and 44 at right angles, these twist-aligned re
gions can serve as more reliable nucleation sites for transformation.
[0110] A preferred spacing between the adjacent second twist-aligned
regions T2 was also examined. The spacing between the adjacent second
twist-aligned regions T2 (P2 44   in FIG. 13C) was varied, to observe the
coexisting state of the twisted alignment and the splay alignment in the
first and second twist-aligned regions T1 and T2. The ob nervation results
are shown in Table 1 below. Table 1 Pitch P2 of5010020040080010001600T2(
um)Coexisting0~0DDpXstate [0111] As shown in Table 1, it was found that
when the pitch P2 of the second twist-aligned regions T2 was 200 /~ m or
less, the twisted alignment and the splay alignment coexisted stably. It
was also found that when the pitch P2 of the second twist-aligned regions
T2 was in the range of 400 to 1000 ,~ m , it was less easy to keep the
coexis tence of the twisted alignment and the splay alignment, but the
transformation to the splay alignment was sup pressed to some extent due to
the existence of the second twist-aligned regions T2. If the pitch P2
exceeded 1000 m , no coexistence was possible between the twisted alignment
and the splay alignment. The entire of the first twist-aligned region T1
and the second twist-aligned 45  



regions T2 were transformed to the splay alignment. [0112] The pixel pitch
of the liquid crystal display device 100 of this example is about 100 ,c.L
ri1 . Therefore, in consideration of the results shown in Table 1, it is
found preferable to arrange the second twist-aligned re gions T2 at a pitch
twice or less as large as the pixel pitch. In the liquid crystal display
device 100, the pitch P2 of the second twist-aligned regions is set at
about 100 /~ m that is equal to the pixel pitch, and thus, it is possible
to effectively stop the transformation of the first and second
twist-aligned regions to the splay alignment. Thus, the first twist-aligned
regions 42 and 44 and the second twist-aligned regions 54, 56, 58 and 60
can serve as more reliable nucleation sites for transfor mation. [0113] The
configuration of the liquid crystal display device 100 of this example is
not limited to that de scribed above with reference to FIGS . 10 and 11.
For ex ample, substantially the same effect can be obtained by liquid
crystal display devices shown in FIGS. 14 to 19. [0114] In the liquid
crystal display device shown in FIG. 14, the second twist-aligned regions
54 and 56 extend 46   continuously from the first twist-aligned regions 42
once every three pixels. The second twist-aligned regions 54 and 56 extend
upward and downward, respectively, from the first twist-aligned region 42,
along above the same source line 26. Likewise, the second twist-aligned
regions 58 and 60 extend continuously from the first twist-aligned regions
44 , which extend along above the common lines 24 , once every three
pixels. The splay-aligned region S in 



eludes first splay-aligned regions 36 and second splay aligned regions 37.
Each of the first splay-aligned re gions 36 is substantially surrounded by
the first and sec and twist-aligned regions 42, 44, 54, 56, 58 and 60, and
is a region corresponding to three pixels in the row di rection and a half
pixel in the column direction. Each of the second splay-aligned regions 37
is formed between the second twist-aligned regions located above the same
source line and facing each other in the column direction. [0115] The
configuration of the twist-aligned regions shown in FIG. 14 can be used for
a color liquid crystal display device, for example. In a color liquid
crystal display device, the width in the row direction of the light-shading
layer can be larger in the portion located between adjacent sets of RGB
pixels than in the portion 47   located between adjacent pixels within the
set. Therefore, by allocating R, G and B to the three pixels in each first
splay-aligned region 36 and placing the second twist aligned regions 54,
56, 58 and 60 between the adjacent R and B pixels, a larger width can be
secured for the second twist-aligned regions. [0116] In the liquid crystal
display device shown in FIG. 15, the spacing in the row direction between
the ad jacent second twist-aligned regions extending continuously from the
first twist-aligned region 42 is different be tween the upward and downward
regions. More specifically, second twist-aligned regions 62 and 68 extend
upward con tinuously from the first twist-aligned regions 42 alter nately
every pixel, and include regions located above TFTs unusable for display.
On the contrary, second twist aligned regions 74 extend downward
continuously from the 



first twist-aligned region 42 every two pixels. The sec and twist-aligned
regions 62 and 68 adjacent in the row direction are different in the length
in the direction of the source lines 26. Also, second twist-aligned regions
76 and 78 are alternately formed upward and downward, re spectively, from
the first twist-aligned regions 44 ex tending along above the common lines
24. The lengths of 48   the second twist-aligned regions 76 and 78 are set
so that the width W2 of the second splay-aligned regions 37 is roughly the
same. [0117] In the liquid crystal display device shown in FIG. 1b, second
twist-aligned regions b2 and 68, and 80 and 81 respectively extend
continuously from the first twist-aligned regions 42 alternately every
pixel, and sec and twist-aligned regions 82 and 84, and 86 and 88 respec
tively extend continuously from the first twist-aligned regions 44
alternately every pixel. [0118] In the liquid crystal display devices shown
in FIGS. 14 to 16, the second twist-aligned regions are lo Gated above the
switching elements in addition to above the source lines) as in the liquid
crystal display device shown in FIG. 10. Therefore, the second
twist-aligned re gions having a wider area can be formed in the region of
the light-shading layer. In the liquid crystal display devices shown in
FIGS . 14 to lb , the second twist-aligned regions extend continuously from
the first twist-aligned regions. Alternatively, the ffirst twist-aligned
regions may be separate from the second twist-aligned regions as in liquid
crystal display devices shown in FIGS. 17 to 19. 49  



[0119] In the liquid crystal display device shown in FIG. 17, first
twist-aligned regions 42 are formed inde pendently for each pixel along
above the gate lines 22. First twist-aligned regions 44 are also formed
indepen dently for each pixel along above the common lines 24. Each of
second twist-aligned regions 90 extends along abo ve the source lines 26
for a length equal to the pixel pitch in the column direction. [0120] In
the liquid crystal display device shown in FIG. 18, while first
twist-aligned regions 42 are formed independently for each pixel along
above the gate lines 22, first twist-aligned regions 44 extend continuously
along above the common lines 24. Each of second twist-aligned regions 90
extends in the column direction between the two common lines adjacent in
the column direction. [0121] The liquid crystal display device shown in
FIG. 19 is different from that in FIG. 18 in that second twist aligned
regions 94 are formed independently every half pixel pitch. [0122] In the
liquid crystal display devices shown in FIGS . 10 and 14 to 19 , a11 of the
first splay-aligned re gions are connected to other ffirst splay-aligned
regions 50   adjacent in the row or column direction via the second
splay-aligned regions. Having this structure, it is pos Bible to prevent
the problem that part of the splay aligned region S may fail to be
transformed to bend align ment but be left in the splay alignment and thus
be iso lated from the other part of the splay-aligned region S in the
liquid crystal region, as discussed with reference to FIGS. 4A, 4B and 5. 



[0123] All of the f first splay-aligned regions may not necessarily be
connected to the adjacent first splay aligned regions. For example, as
shown in FIG. 20, a liq uid crystal display device may have a plurality of
clus ters 114, in which first splay-aligned regions S1 in one cluster are
not connected to first splay-aligned regions S1 in another cluster. This
liquid crystal display device, denoted by 107, will be described in detail
as follows. [0124] As shown in FIG. 20, each of the plurality of clusters
114 of the liquid crystal display device 107 in eludes second splay-aligned
regions S2, two or more first splay-aligned regions S1 connected to each
other via the second splay-aligned regions S2, and first and second
twist-aligned regions T1 and T2 surrounding the first and 51   second
splay-aligned regions S1 and S2. The first splay aligned regions S1 in one
cluster are not connected to, but isolated from the first splay-aligned
regions S1 in another cluster. [012S] As shown in FIG. 20, by connecting
the plurality of first splay-aligned regions S1 to each other within one
cluster 114, when any of the first splay-aligned regions S1 in the cluster
114 is transformed from the splay align ment to bend alignment, the region
exhibiting the bend alignment expands into the splay-aligned regions within
the cluster 114. Therefore, the liquid crystal display device 107 can also
prevent the problem that some first splay-aligned region S1 may be kept in
the splay alignment and isolated. [0126] In FIG. 20, one cluster includes
four first splay-aligned regions S1 lined in the row direction. The shape
of the cluster and the number of the first splay 



aligned regions S1 in one cluster are not limited to the above. [0127] Next
, the steps 20 in the liquid crystal display device 100 of this example
will be described. The shape of the steps 20 formed on the substrate may be
changed 52   with the position at which the steps 20 are formed. This will
be described with reference to FIGS. 7, 8, 10 and 12. [0128] In general,
during driving of the liquid crystal display device, the voltage applied tv
the gate lines 22 is higher than that applied to the source lines 26. For
example, a voltage in the range of -12 V to +12 V or -20 V to +20 V is
applied to the gate lines 22 while a voltage of about 5 V is applied to the
source lines 26. This in dicates that the electric field applied to the
first twist-aligned regions 42 formed above the gate lines 22 is higher
than that applied to the second twist-aligned re gions 54, 56, 58 and 60
formed above the source lines 26. The first twist-aligned regions 42 are
therefore more ea sily transformed from the twist alignment to bend align
ment, and thus can be used effectively as the nucleation sites for
transformation. A voltage equal to that applied to the source lines 26 is
applied to the common lines 24 extending in parallel with the gate lines
26. Therefore, the first twist-aligned regions 44 are also easily trans
formed from the twist alignment to bend alignment. In consideration of the
above, the second twist-aligned re gions T2 are preferably formed above the
source lines 26. Hereinafter, described are shapes of the steps effective
53   



for attaining the purposes described above, that is, for effectively using
the first twist-aligned regions as the nucleation sites for transformation
and using the second twist-aligned regions to improve the stability of the
twisted alignment of the first twist-aligned regions (sup press
transformation to the splay alignment). [0129] As discussed above with
reference to FIGS . 7 and 8, in the normal step as shown in FIG. 7, the
disclination line 9 swiftly shifts upward along the side face 21F, whereby
the region exhibiting the bend alignment expands into the splay-aligned
region S . On the contrary, in the inverted step as shown in FIG. 8, the
disclination line 9 stays keeping the aligned states of the twist-aligned
re gion T and the splay-aligned region S on both sides of the disclination
line 9. [0130] In view of the above, the first twist-aligned regions 42 and
44 should be formed so that the side faces of normal steps extend along the
gate lines 22 and the common lines 24. With this shape, the first
twist-aligned regions can serve as more effective nucleation sites for
transformation and thus the bend-aligned region can be swiftly expanded
into the splay-aligned regions. In addi 54   tion, the second twist-aligned
regions 54, 56, 58 and 60 should be formed so that the side faces of
inverted steps extend along the source lines 26. With this shape) the first
twist-aligned regions can be suppressed from being transformed from the
twisted alignment to the splay align ment during non-voltage application
for the reason de scribed before with reference to FIGS. 13A to 13D. [0131]
As described above, by using normal steps or in verted steps as the steps
20 appropriately depending on 



the positions at which the steps are formed, the bend aligned regions can
be expanded swiftly and the twist aligned regions as the nucleation sites
for bend alignment can be stabilized. Thus, the liquid crystal display de
vice 100 can attain stability of the aligned state, im provement in display
quality and the like. [0132] Next , preferred methods for forming normal
steps and inverted steps will be described. For formation of steps, in
general, film formation processes using a resist or a photosensitive resin
equivalent to the resist, metal, an insulator and the like are employed.
Normal steps are typically formed by (1) a method using heat treatment, (2)
a method using etching, and (3) a method using a photoli 55   thographic
process. Reverse steps are however generally difficult in formation. [0133]
Referring to FIGS. 21A to 21D and 22A to 22D, methods using a
photolithographic process will be de scribed, in which normal steps and
inverted steps can be easily formed simultaneously. FIGS. 21A to 21D demon
strate formation methods using a negative type photosensi tive resin layer,
in which FIGS. 21A and 21B illustrate process steps of formation of
inverted steps and FIGS. 21C and 21D illustrate process steps of formation
of normal steps. FIGS. 22A to 22D demonstrate formation methods us ing a
positive type photosensitive resin layer 132, in which FIGS. 22A and 22B
illustrate process steps of forma tion of normal steps and FIGS. 22C and
22D illustrate process steps of formation of inverted steps. Note that
normal steps and inverted steps can be formed simultane ously although, in
the following discussion, the formation of normal steps and the formation
of inverted steps are described separately for simplification. 



[0134] First, a method for forming inverted steps from a negative type
photosensitive resin layer will be de scribed with reference to FIGS. 21A
and 21B. As shown in Sr   FIG. 21A, the substrate 4 having a
high-reflectance region 121 on the principal plane is prepared. The high
reflectance region 121, which is higher in reflectance than the surrounding
regions , is preferably the gate line 22, the source line 26 or the common
line 24, made of a metal material. As described above, the side faces of in
verted steps should preferably extend along the source line 26. Therefore,
the high-reflectance region 121 is preferably the source line 26. [0135] A
negative type photosensitive resin layer 122 is then formed on the
principal plane of the substrate 4. The photosensitive resin layer 122 is
covered with a mask 125 having a light-shading portion 123 and a light
transmitting portion 124 in a predetermined pattern, and then irradiated
with light 126 via the mask 125. The mask 125 is positioned so that the
light-shading portion 123 is located above the high-reflectance region 121
with edges 123E of the light-shading portion 123 being inside the range of
the high-reflectance region 121. The light 126 passing through the mask 125
into the photosensitive resin layer 122 reflects from the high-reflectance
region 121 as reflected light 126R. Using the reflected light 126R, in 57
verted steps 20S (a < 90) are formed as shown in FIG. 21B. [0136] Light
output from a normal optical aligner has a parallelism of about 3 or less.
However, the light 126 



used for exposure of the photosensitive resin layer 122 should preferably
have a parallelism in the range of about 5 to IO. With this low
parallelism, the light incident at the edges of the light-shading portion
123 is reflected from the high-reflectance region 121, and the reflected
light (primary reflected light) can contribute to light exposure of the
portion of the photosensitive resin layer 122 located under the mask.
[0137] Next , a method for forming normal steps from a negative type
photosensitive resin layer will be described with reference to FIGS. 21C
and 21D. [0138] Unlike the formation of the inverted steps 20S described
above, since no reflected light is required dur ing light exposure for the
formation of normal steps 20F, it is not necessary to form the
high-reflectance region 121 on the substrate 4. However, the side faces of
the normal steps preferably extend along the gate line 22 or the common
line 24 as described above. In the following description, therefore, the
case having the high 58   reflectance region 121 such as the gate line 22
and the common line 24 on the principal plane of the substrate 4 will be
described. [0139] The substrate 4 as described above is first pre pared.
The negative type photosensitive resin layer 122 is then formed on the
principal plane of the substrate 4. The photosensitive resin layer 122 is
covered with a mask 125 having a light-shading portion 123 and a light
transmitting portion (opening) 124 in a predetermined pat tern, and then
irradiated with light 126 via the mask 125. The mask 125 is positioned so
that the light-shading por tion 123 is located above the high-reflectance
region 121 with edges 1238 of the light-shading portion 123 being 



outside the area of the high-reflectance region 121. The light 126 passing
through the mask 125 into the photosen sitive resin layer 122 is not
reflected from the high ref lectance region 121, and thus using only the
irradiated light 126, the normal steps 20F (a > 90 ) are formed as shown in
FIG. 21D. [0140] In the formation of the normal steps 20F, also, light
having a parallelism in the range of about 5 to 10 is preferably used for
exposure of the photosensitive 59   resin layer 122, as in the formation of
the inverted steps 20S described above. With this low parallelism, the
light incident at the edges of the light-shading portion 123 can contribute
to light exposure of the portion of the photo sensitive resin layer 122
located under the mask, as shown in FIG. 22C. [0141] Next , methods for
forming normal steps and in vented steps from a positive type
photosensitive resin layer 132 will be described. Contrary to the case of
us ing the negative type photosensitive resin layer 122, in the case of
using the positive type photosensitive resin layer 132, the normal steps
20F are formed by use of the reflected light 126R from the high-reflectance
region 121. First, a method for forming the normal steps 20F from the
positive type photosensitive resin layer 132 will be de scribed. [0142] As
shown in FIG. 22A, the substrate 4 having a high-reflectance region 121 on
the principal plane is pre pared. The high-reflectance region 121 is higher
in re flectance than the surrounding regions. As described above in
relation to the method for forming normal steps by use of a negative type
photosensitive resin layer, the 



60   high-reflectance region 121 is preferably the gate line 22 or the
common line 24. The positive type photosensitive resin layer 132 is then
formed on the principal plane of the substrate 4. The photosensitive resin
layer l32 is covered with a mask 125 having a light-shading portion 123 and
a light-transmitting portion 124 in a predetermined pattern, and then
irradiated with light 126 via the mask 125. The mask 125 is positioned so
that the light transmitting portion 124 is located above the high
reflectance region 121 with edges 124E of the light transmitting portion
124 being inside the high-reflectance region 121. The light 126 passing
through the mask 125 into the photosensitive resin layer 122 is reflected
from the high-reflectance region 121 as reflected light 126R. Using the
reflected light 126R, the normal steps 20F (a> 90) are formed as shown in
FIG. 22B. [0143] Next, a method for forming the inverted steps 20S from the
positive type photosensitive resin layer 132 will be described. In this
case, since no reflected light is required during light exposure for the
formation of the inverted steps 20S, it is not necessary to form the high
reflectance region 121 on the substrate 4. However, the side faces of the
inverted steps preferably extend along G1   the source line 26 as described
above. In the following description, therefore, the case of forming the
high reflectance region 121 such as the source line 26 on the principal
plane of the substrate 4 will be described. [0144] The substrate 4 as
described above is first pre 



pared. The positive type photosensitive resin layer 132 is then formed on
the principal plane of the substrate 4. The photosensitive resin layer 132
is covered with a mask 125 having a light-shading portion 123 and a light
transmitting portion 124 in a predetermined pattern, and then irradiated
with light 126 via the mask 125. The mask 125 is positioned so that the
light-transmitting portion 124 is located above the high-reflectance region
121 with edges 1248 of the light-transmitting portion 124 being outside the
high-reflectance region 121. The light 126 passing through the mask 125
into the photosensitive resin layer 132 is not reflected from the
high-reflectance re gion 121, and thus using only the irradiated light 126,
the inverted steps 20S (a < 90) are formed as shown in FIG. 22D. [0145] In
the case of using the positive type photosen sitive resin layer 132 as
shown in FIGS. 22A to 22D, as in 62   the case of using the negative type
photosensitive resin layer 122, the light 126 for exposure of the
photosensi tive resin layer 132 preferably has a parallelism in the range
of about 5 to 10. [0146] According to the step formation methods de scribed
above, inverted steps, formation of which is gen erally considered
difficult, can be easily formed simultaneously with formation of normal
steps. [0147] In the above description, the twist-aligned re gion T serving
as the nucleation site for transformation was formed in the light-shading
region so as not to be in eluded in the display area. The present invention
is not limited to this, but both the twist-aligned region T and the
splay-aligned region S may be included in the display 



area. For example, in a transmission/reflection combina tion type liquid
crystal display device, the twist-aligned region T of the liquid crystal
layer having a larger thickness ( d1 ) may be used as the transmission
region and the splay-aligned region S thereof having a smaller thick ness
(d2 < d1) may be used as the reflection region. In such a liquid crystal
display device, both the twist aligned region T and the splay-aligned
region S can be 63   used for display. [0148] As described above, according
to the present in vention, it is possible to provide a liquid crystal dis
play device enabling swift and reliable transformation from splay alignment
to bend alignment or from bend align ment to splay alignment. The present
invention is suita bly applied to liquid crystal display devices used for
monitors for computers and flat T.V, sets. [0149] While the present
invention has been described in a preferred embodiment, it will be apparent
to those skilled in the art that the disclosed invention may be modified in
numerous ways and may assume many embodiments other than that specifically
set out and described above. Accordingly, it is intended by the appended
claims to cov er a11 modifications of the invention that fall within the
true spirit and scope of the invention. 64   WHAT IS CLAIMED IS: 1. A
liquid crystal display device comprising a first substrate, a second
substrate placed to face the first substrate, and a liquid crystal layer
interposed between 



the first and second substrates, wherein the liquid crystal layer includes:
a splay aligned region in which a transformation from splay align ment to
bend alignment or from bend alignment to splay alignment occurs according
to a voltage applied; and a nu cleation region serving as a nucleation site
for initiat ing the transformation to occur in the splay-aligned region,
the nucleation region includes a plurality of first nucleation regions,
each of the plurality of first nuclea tion regions extending in a first
direction, and a plural ity of second nucleation regions, each of the
plurality of second nucleation regions extending in a second direction
different from the first direction, the splay-aligned region includes a
plurality of first splay-aligned regions having a first width in the second
direction and a plurality of second splay-aligned regions having a second
width smaller than the first width in the second direction, and 65   the
plurality of first splay-aligned regions include two first splay-aligned
regions connected to each other via one of the plurality of second
splay-aligned regions. 2. The liquid crystal display device of claim 1,
wherein the liquid crystal layer contains a chiral dopant, the nucleation
region is a twist-aligned region exhibiting 180-degree twisted alignment
during non-voltage applica tion, the plurality of first nucleation regions
are a plu rality of first twist-aligned regions exhibiting 180 degree
twisted alignment during non-voltage application, and the plurality of
second nucleation regions are a plu rality of second twist-aligned regions
exhibiting 180 



degree twisted alignment during non-voltage application. 3. The liquid
crystal display device of claim 2, wherein d1/p of the twist-aligned region
is greater than d2/p of the splay-aligned region where p is a pitch of the
liquid crystal material, d1 is a thickness of the twist aligned region of
the liquid crystal layer, and d2 is a thickness of the splay-aligned region
of the liquid crys tal layer. 66   4. The liquid crystal display device of
claim 3, wherein d1 is greater than d2. 5. The liquid crystal display
device of claim 2, wherein the first substrate includes a plurality of gate
lines extending in the first direction, a plurality of source lines
extending in the second direction crossing the first direction, a plurality
of switching elements placed in the vicinity of the crossings of the
plurality of gate lines and the plurality of source lines, and a plurality
of pixel electrodes electrically connected with the plurality of gate lines
and the plurality of source lines via the plurality of switching elements,
at least one of the plurality of first twist-aligned regions is formed
above at least one of the plurality of gate lines, at least one of the
plurality of second twist-aligned regions is formed above at least one of
the plurality of source lines, and at least one of the plurality of first
splay-aligned regions is formed above at least one of the plurality of
pixel electrodes. 67  



6. The liquid crystal display device of claim 5, wherein the first
substrate further includes a plurality of common lines each formed between
the adjacent ones of the plurality of gate lines, and at least one of the
plurality of first twist-aligned regions is formed above at least one of
the plurality of common lines . 7. The liquid crystal display device of
claim 2, wherein at least one of the plurality of second twist aligned
regions is formed continuously from at least one of the plurality of first
twist-aligned regions. 8. The liquid crystal display device of claim 7,
wherein the spacing between two second twist-aligned re gions adjacent in
the first direction among the plurality of second twist-aligned regions is
1 mm or less. 9. The liquid crystal display device of claim 4, wherein at
least one of the first substrate and the second substrate has a plurality
of steps each having an upper face, a lower face, and a side face
connecting the upper face and the lower face, and 68   the splay-aligned
region is formed above the upper faces of the plurality of steps, and the
twist-aligned re gion is formed above the lower faces of the plurality of
steps. 10. The liquid crystal display device of claim 9, wherein the
plurality of steps include a first step and a second step, the side face of
the first step has an angle exceeding 90 with respect to the lower face,
and the side face of the second step has an angle less than 90 with respect
to the lower face. 



11. The liquid crystal display device of claim 10, wherein the side face of
the first step extends in the first direction. 12. The liquid crystal
display device of claim 10, wherein the side face of the second step
extends in the second direction. 13. The liquid crystal display device of
claim 1, wherein the pretilt direction of liquid crystal molecules of the
liquid crystal layer is parallel to the first di 69   rection. 14. A liquid
crystal display device comprising a fir st substrate, a second substrate
placed to face the first substrate, and a liquid crystal layer interposed
between the first and second substrates, the liquid crystal layer
containing a chiral dopant, wherein the liquid crystal layer includes: a
twist aligned region exhibiting 180-degree twisted alignment during
non-voltage application; and a splay-aligned region exhibiting splay
alignment during non-voltage application and bend alignment during voltage
application, to be used for display, at least one of the first substrate
and the second substrate has a plurality of steps on the surface facing the
liquid crystal layer, each having an upper face, a lower face, and a side f
ace connecting the upper face and the lower face, the splay-aligned region
is formed above the upper faces of the plurality of steps, and the twist
aligned region is formed above the lower faces of the plu rality of steps,
and the plurality of steps include a first step and a second step, the side
face of the first step has an angle 



70   exceeding 90 with respect to the lower face, and the side face of the
second step has an angle less than 90 with respect to the lower face. 15. A
method for forming inverted steps and normal steps simultaneously, each of
the steps having an upper f ace, a lower face, and a side face connecting
the upper face and the lower face, the side face of the inverted step
having an angle less than 90 with respect to the lower face, and the side
face of the normal step having an angle exceeding 90 with respect to the
lower face, the method comprising the steps of: preparing a substrate
having a high-reflectance re gion on the principal plane, the
high-reflectance region being higher in reflectance than the surrounding
regions; forming a photosensitive resin layer on the principal plane; and
exposing the photosensitive resin layer to light via a mask having a
light-shading portion and a light transmitting portion in a predetermined
pattern, to form the inverted steps or the normal steps using reflected
light from the high-reflectance region. 71   16. The method of claim 15,
wherein the high reflectance region is a gate line, a source line or a com
mon line formed on the principal plane of the substrate. 17. The method of
claim 15, wherein the photosensi tive resin layer is a negative type
photosensitive resin layer, the mask is positioned so that the
light-shading portion is placed above the high-reflectance region with 



edges of the light-shading portion being inside the high reflectance
region, and the inverted steps are formed us ing the reflected light. 18.
The method of claim 15, wherein the photosensi tive resin layer is a
positive type photosensitive resin layer, the mask is positioned so that
the light transmitting portion is placed above the high-reflectance region
with edges of the light-transmitting portion being inside the high-ref
lectance region, and the normal steps are formed using the reflected light.
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